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Diamond-like carbon (DLC) films were synthesized on silicon substrates from solid carbon 
by a very low power (—60 W) microwave plasma chemical vapor deposition (MPCVD) 
reaction of a mixture of 90-70% helium and 10-30% hydrogen. It is proposed that He + 
served as a catalyst with atomic hydrogen to form an energetic plasma. The average 
hydrogen atom temperature of a helium-hydrogen plasma was measured to be up to 
180-210 eV versus ^3 eV for pure hydrogen. Bombardment of the carbon surface by highly 
energetic hydrogen formed by the catalysis reaction may play a role in the formation of 
DLC. The films were characterized by time of flight secondary ion mass spectroscopy 
(ToF-SIMS), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. TOF-SIMS 
identified the coatings as hydride by the large H+ peak in the positive spectrum and the 
dominant H" in the negative spectrum. The XPS identification of the H content of the CH 
coatings as a novel hydride corresponding to a peak at 49 eV has implications that the 
mechanism of the DLC formation may also involve one or both of selective etching of 
graphitic carbon and the stabilization of sp 3 -bonded carbon by the hydrogen catalysis 
product. Thus, a novel H intermediate formed by the plasma catalysis reaction may 
enhance the stabilization and etching role of H used in past methods. © 2004 Kluwer 
Academic Publishers 



1. Introduction 

Diamond-like carbon (DLC) has unique material prop- 
erties and may be coated on an array of materials such as 
metallic, ceramic, and optical materials. Its extremely 
high hardness, high chemical inertness, low friction co- 
efficient, high ductility, wear resistance, relatively high 
thermal conductivity, and high transparency across a 
large part of the electromagnetic spectrum makes DLC 
suitable for many applications such as wear protective 
or resistant coatings for mechanical tools, infrared op- 
tics, and sensors designed to work in corrosive envi- 
ronments. They may be used as protective coatings for 
hip replacements and other medical implants due to 
their biocompatibility. Further applications include cor- 
rosion protection, liquid and vapor transport barriers, 
electronic devices, and electron field emitting cathode 
materials. Characteristics which makes them good can- 
didates for inter-metal dielectrics in integrated circuits 
are that they are good insulators and have a high break- 
down voltage. Recently, DLC film has been applied in 
large-area fiat panel displays due to their field-emission 
properties [1-7). 

DLC or tetrahedral amorphous carbon (Ta-C) con- 
sists mainly of sp* bonded carbon atoms. If properly 
prepared, DLC can have properties that rival those of 
crystalline diamond. The beneficial properties of DLC 
stem from the continuous rigid random networks of 
sp* carbon atoms, and the properties can essentially be 
tailored by controlling the sp*/sp 2 ratio. The mecha- 
nism of low-temperature ion sputter deposition involves 
energetic ion bombardment during the deposition of 



carbon which leads to the fonnation of diamond-like 
amorphous carbon. In the absence of ion bombardment 
during deposition, soft, conductive carbon films form 
with no diamond-like properties. A selective ion en- 
ergy range is necessary. Films with more pronounced 
diamond-like properties are produced at low ion ener- 
gies (less than 100 eV), and microcrystalline diamond 
growth characteristic of DLC films decreases with in- 
creasing ion energy (more than 100 eV) [8-10], Ulti- 
mately amorphous carbon deposition occurs with ex- 
cessive ion energy. Prawer et al. [1 1] using a mass se- 
lected C + ion beam deposition system showed that the 
sp 2 content of films decreased as the ion energy is in- 
creased from about 10 to 300 eV, and for films made 
with ion energies in excess of 1 keV, the sp 2 content 
increased with increasing ion energy. In a DLC review 
article, Wei and Narayan [12] discuss the mechanism of 
DLC formation by ion bombardment wherein energetic 
ions cause lateral carbon atom motion to advantageous 
sites, sputter impurity gases from the surface, and pref- 
erentially remove less stable carbon such as sp 2 -bonded 
carbon. 

The incorporation of hydrogen isbelieved to stabilize 
DLC films. Based on experience of CVD processing 
with hydrocarbons, it was thought by many authors that 
the presence of hydrogen was a necessary condition for 
the formation of DLC [12]. Correlations between sp* 
fraction and hydrogen content were developed. But, the 
essential role of hydrogen was eliminated by the discov- 
ery of the formation of high quality DLC films by pulsed 
laser ablation of pure carbon that provides an alternative 
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mechanism. The mechanism of PLD which clearly 
shows that the presence of hydrogen is not necessary 
for the formation of sp* bonds, is very different from 
the hot-ion bombardment mechanism. In PLD, highly 
energetic photons from pulsed laser beams excite sp 2 
bonded carbon atoms into a C* (excited carbon) state, 
and these excited carbon atoms subsequently cluster to 
form DLC according to the following reactions [12): 

C(sp 2 bonded) H-/n>-v C* (1) 
C* + C* (sp* bonded) (2) 

Therefore, the DLC synthesis and processing meth- 
ods of hydrogenated (a-C:H) or hydrogen-free (a-C) 
films may be divided into two groups of low pres- 
sure techniques: chemical vapor deposition (CVD) 
and physical vapor deposition (PVD) methods involv- 
ing carbon bearing compounds; and PVD methods 
based on energetic ablation of carbon. The first group 
includes ion assisted CVD deposition or ion beam- 
assisted deposition (IBAD) using ionized hydrocarbon 
gases [13, 14], plasma enhanced deposition using a 
DC glow discharge from hydrocarbon gas [15], radio- 
frequency (RF) discharged plasma enhanced chemical 
vapor deposition (PE-CVD) using a hydrocarbon gas 
[16, 17], microwave discharge [18], electron cyclotron 
resonance (ECR) discharge [19], and so on. The second 
includes filtered cathodic vacuum arc deposition (FC- 
VAD) [20-22], sputtering of carbon targets (graphite) 
[23], mass selected ion beam deposition (MS-IBD) 
[24], pulsed laser ablation (PLA) [25], and so forth. 

In a quest to extend the techniques to form DLC 
with the possibility of using very low power levels, 
we explored the possibility of using unique plasmas 
which are very energetic and form very stable hydrides 
wherein both of these features may cause the forma- 
tion of DLC. The most common method of forming 
DLC films uses the acceleration of charged particles 
by high biased field or by using high power RF or 
microwaves to produce fast ions of about 100 eV for 
bombarding depositing graphitic carbon film to force 
conversion to DLC. Mills et ai [26] have shown that 
it is possible to form fast H in certain plasmas by 
a nonfield-acceleration mechanism. From the width 
of the 656.3 nm Balmer <x line emitted from mi- 
crowave and glow discharge plasmas, it was found 
that a strontium-hydrogen microwave plasma showed 
a broadening similar to that observed in the glow dis- 
charge cell of 27-33 eV; whereas, in both sources, 
no broadening was observed for magnesium-hydrogen. 
Microwave helium-hydrogen and argon-hydrogen plas- 
mas showed extraordinary broadening corresponding to 
an average hydrogen atom temperature of 1 80-210 eV 
and 110-130 eV, respectively. The corresponding re- 
sults from the glow discharge plasmas were 33—38 eV 
and 30-35 eV, respectively, compared to «?3 eV for 
plasmas of pure hydrogen, neon-hydrogen, krypton- 
hydrogen, and xenon-hydrogen maintained in either 
source. External Stark broadening or acceleration of 
charged species due to high fields can not explain the 
microwave results since no high field was present, and 
the electron density was orders of magnitude too low 
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for the corresponding Stark effect, Rather, a proposed 
resonant energy transfer mechanism explains these re- 
sults [26], In the case of helium-mixed plasmas, He" 1 " 
serves as a catalyst to resonantly accept energy equiv- 
alent to two times the potential energy of atomic hy- 
drogen, £ h = 27.2 eV where Eh is one Hartrcc. The 
theory has been given previously [27, 28]. 

Furthermore, it was previously reported that a novel 
highly stable surface coating SiH(l//;) which com- 
prised high binding energy hydride ions was synthe- 
sized by microwave plasma reaction of mixture of 
si lane, hydrogen, and helium wherein it was proposed 
that He H " served as a catalyst with atomic hydrogen to 
form the highly stable hydride ions [29]. Novel sili- 
con hydride was identified by time of flight secondary 
ion mass spectroscopy and X-ray photoelectron spec- 
troscopy. The time of flight secondary ion mass spec- 
troscopy (ToF-SIMS) identified the coatings as hydride 
by the large SiH H " peak in the positive spectrum and the 
dominant H~ in the negative spectrum. X-ray photo- 
electron spectroscopy (XPS) identified the H content of 
the SiH coatings as hydride ions, H" (1/4), H" (1/9), 
and H~ (1/11) corresponding to peaks at 1 1, 43, and 
55 eV, respectively. The silicon hydride surface was 
remarkably stable in air for long duration exposure as 
shown by XPS. 

Solid glassy or graphitic carbon was used as the car- 
bon source in the helium-hydrogen microwave plasma 
having documented fast H [26] which causes DLC to 
form. These plasmas also form novel hydrides which 
may stabilize sp 2 carbon. We report the deposition of 
DLC on silicon-wafers from a solid carbon precursor 
and a helium-hydrogen (90-70/10-30%) microwave 
plasma maintained with an Evenson cavity under low 
power (^60 W), mild conditions. After the plasma 
processing reaction, the surface was characterized by 
ToF-SIMS, XPS, and Raman spectroscopy. ToF-SIMS 
and XPS provided means to assess the role of any hy- 
drides. In order to understand the role of the helium- 
hydrogen plasma, it was characterized by recording the 
line broadening of the 656.3 nm Balmer a line to de- 
termine the excited hydrogen atom kinetic energy. 

2. Experimental 

2.1, Synthesis 

H*DLC films were grown on silicon wafer substrates 
by their exposure to a low pressure He/lfy microwave 
plasma with 0.1 g of solid glassy carbon foil (5 x 5 x 
1 mm, Alpha Aesar 99.99%) or graphite foil (10 x 
10 x i mm, Alpha Aesar 99.99%). The experimental 
set up comprising a microwave discharge cell operated 
under flow conditions is shown in Fig. 1. The carbon 
source was placed in the center of the microwave cav- 
ity, and a silicon wafer substrate (5 x 5 x 0.05 mm, 
Alfa Aesar 99+%) cleaned by heating to 700°C un- 
der vacuum was placed about 20 mm off center inside 
of a quartz tube (12 mm in diameter by 0.25 m long) 
with vacuum valves at both ends. The tube was center- 
fitted with an Opthos coaxial microwave cavity (Even- 
son cavity) and connected to the gas/vacuum line. The 
quartz tube and vacuum line were evacuated for 2 h 
to remove any trace moisture or oxygen and residual 
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Figure I The experimental sci up comprising a microwave discharge ceil operaieci under flow condi lions. 



gases. A premixed He (90-70%yH 2 (10-30%) plasma 
gas was flowed through the quartz tube at a total pres- 
sure of 2 x 10 2 N/m 2 maintained with a gas flow rate 
of 40 seem controlled by a mass flow controller with a 
readout. The eel! pressure was monitored by an abso- 
lute pressure gauge. The microwave generator shown in 
Fig. 1 was an Opthos model MPG-4M generator (Fre- 
quency: 2450 MHz). The microwave plasma was main- 
tained with a 65 W (forward)/4 W (reflected) power for 
about 12-16 h. The carbon source was located in the 
center of the plasma, and the substrate was at the cool 
edge of the plasma glow region. The wall temperature 
at this position was about 300°C. A thick (~*100 fj,m 
translucent, golden-yellow, shiny coating formed on the 
substrate and the wall of the quartz reactor. The quartz 
tube was removed and transferred to a dry box with the 
samples inside by closing the vacuum valves at both 
ends and detaching the tube from the vacuum/gas line. 
The coating on the inside of the wall of the reactor tube 
was collected by etching the tube for 5-1 0 min with 1 % 
dilute hydrofluoric acid. 'Hie coating was then detached 
from the surface and peeled off as a 30 mm long unsup- 
ported transparent thin film. The coated silicon wafer 
substrate was mounted on XPS and ToF-SlMS sample 
holders under an argon atmosphere in order to prepare 
samples for the corresponding analyses. Controls for 
XPS analysis comprised a cleaned commercial silicon 
wafer (Alfa Aesar 99.99%) and known standards: (a) 
single crystal diamond, (b) diamond film, (c) glassy car- 
bon, (d) pyrolylic graphite, (e) mineral graphite, and (0 
HDLC (hydrogenated diamond-like carbon). The con- 
trol forToF-SIMS analysis comprised a cleaned com- 
mercial silicon wafer (Alfa Aesar 99.99%). The coated 
substrate and thin film were also sent for Raman anal- 
ysis (Charles Evans & Associates, Sunnyvale, CA). 



2.2. ToF-SlMS characterization 
Cleaned commercial silicon wafers before and after 
plasma treatment to form a H*DLC film coating were 
characterized using a Physical Electronics TRIFTToF- 
SIMS instrument. The primary ion source was a pulsed 
69 Ga H " liquid metal source operated at 15 keV. The sec- 
ondary ions were extracted by a ±3 keV bias (accord- 
ing to the mode) voltage. Three electrostatic analyzers 
(Triple-Focusing-Time-of-Flight) deflect them in order 



to compensate for the initial energy dispersion of ions 
of the same mass. The 400 pA dc current was pulsed 
at a 5 kHz repetition rate with a 7 ns pulse width. The 
analyzed area was 60 ixm x 60 fxm and the mass range 
was 0-1000 AMU. The total ion dose was 7 x 10 9 
ions/mm 2 , ensuring static conditions. Charge compen- 
sation was performed with a pulsed electron gun oper- 
ated at 20 eV electron energy. In order to remove sur- 
face contaminants and expose a fresh surface for anal- 
ysis, the samples were sputter-cleaned for 30 s using a 
80 ftm x 80 ixm raster, with 600 pA current, resulting 
in a total ion dose of 10 13 ions/mm 2 . Three different 
regions on each sample of 60 fxm x 60 fim were ana- 
lyzed. The positive and negative SIMS spectra were ac- 
quired. Representative post sputtering data is reported. 
The ToF-SIMS data were treated using 'Cadence* soft- 
ware (Physical Electronics), which calculates the mass 
calibration from well-defined reference peaks. 

2.3. XPS characterization 
A series of XPS analyses were made on the samples us- 
ing a Scienta 300 XPS Spectrometer at Lehigh Univer- 
sity, Bethlehem, PA. The fixed analyzer transmission 
mode and the sweep acquisition mode were used. The 
Al X-ray incidence angle was 15°. The step energy in 
the survey scan was 0.5 eV, and the step energy in the 
high resolution scan was 0.15 eV. In the survey scan, 
the time per step was 0.4 s, and the number of sweeps 
was 4. In the high resolution scan, the time per step 
was 0.3 s, and the number of sweeps was 30. Clj at 
284.6 eV was used as the internal standard. 



2.4. Raman spectroscopy 
Experimental and control samples were analyzed by 
Charles Evans & Associates, Sunnyvale, CA. Ra- 
man spectra were obtained with a LAB RAM spec- 
trometer (Dilor of Jobin Yvon) with a Spectrum One 
CCD (charge coupled device) detector (Spcx and Jobin 
Yvon) that was air and Peltier cooled. An Omnichrome 
HeNe laser (Melles Griot) with the light wavelength 
of 632.817 nm was used as the excitation source. The 
spectra were taken at ambient conditions and the sam- 
ples were placed under a Raman microscope (Olympus 
BX40). Spectra of the film samples were acquired using 
the following condition: die laser power at the sample 
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was 4 to 8 mW, the slit width of the monochromator was 
100 /xm which corresponds to a resolution of 3 cm -1 , 
the detector exposure time was 20 min, and 3 scans 
were averaged. 

2.5. Visible spectroscopy and Balmer line 

broadening measurements 
The width of the 656.3 nm Balmer a line from hydrogen 
alone, xenon -hydrogen mixture (90/10%), and helium- 
hydrogen mixture (90/10%) microwave discharge plas- 
mas maintained in the microwave discharge cell shown 
in Fig. 1 was measured with a high resolution visible 
spectrometer capable of a resolution of ±0.006 nm ac- 
cording to methods given previously [26], The spectra 
were recorded over the region 656.0-657,0 nm. The 
667.816 nm He I line width was also recorded with 
the high resolution (±0.006 nm) visible spectrometer 
on helium-hydrogen (90/10%) and helium microwave 
discharge plasmas. 

To measure the absolute intensity, the high resolution 
visible spectrometer and detection system were cali- 
brated [30] with 546.08, S76.96, and 696.54 nm light 
from a Hg-Ar lamp (Ocean Optics, model HG-1) that 
was calibrated with a NIST certified silicon photodiode, 
The population density of the n = 3 hydrogen excited 
state N3 was determined from the absolute intensity of 
the Balmer a (656.3 nm) line measured using the cal- 
ibrated spectrometer. The spectrometer response was 
determined to be approximately flat in the 400-700 nm 
region by ion etching and with a tungsten intensity cal- 
ibrated lamp. 

The electron density was determined using a 
Langmuir probe according to the method given pre- 
viously [31]. 

3. Results 

3.1. ToF-SIMS 

The positive ion ToF-SIMS spectra (m/e = 0-200) 
of a cleaned commercial silicon wafer before and af- 
ter being coated with a hydrogenated carbon film are 
shown in Fig. 2a and b, respectively. The positive ion 
spectrum of the control was dominated by Si'*", oxides 
SijOj", and hydroxides Si*(OH)+; whereas, that of the 
hydrogenated carbon film sample contained no silicon 
containing fragments. Rather, a large H 4 peak and hy- 
drocarbon fragments C X H+ were observed as given in 
Table I. 

The negative ion ToF-SIMS spectrum (m/e =0- 
200) of a cleaned commercial silicon wafer before and 
after being coated with a hydrogenated carbon film 
are shown in Fig. 2c and d, respectively. The control 
spectrum was dominated by oxide (0~) and hydroxide 
(OH"); whereas, spectrum of the hydrogenated carbon 
film was dominated by hydride ion (H~ ) and carbon ion 
(C~). Very little oxide (CT) or hydroxide (OH *) was 
observed. 

3.2. XPS 

A survey spectrum was obtained over the region E D = 0 
to 1200 eV. The primary element peaks allowed for the 
determination of all of the elements present. The XPS 



TABLE I Positive ToF-SIMS fragments of the hydrogenated carbon 
film formed on a silicon substrate from a I iclium- hydrogen (95/10%) 
microwave plasma with the glassy carbon as ihc soucc of C. The mass 
was calibrated by H (I.O078) and C 2 M> (27.0235) 
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survey scan of a cleaned commercial silicon wafer be- 
fore and after being coated with a hydrogenated carbon 
film are shown in Figs 3 and 4, respectively. The ma- 
jor peaks identified in the XPS spectrum of the control 
sample were Ols at 530.6 eV, trace C\s at 284.6 eV, 
dominant Si Is at 152.4 eV and Si Ipyi at 103.9 eV, 
Whereas, the hydrogenated carbon film sample com- 
prised only carbon and trace silicon and oxygen con- 
tamination from the substrate as indicated by the trace 
O \s peak at 532.9 eV, the trace Si 2s at 153.2 eV and 
Si 2/^/2 at 102.2 eV, and the dominant C\s peak at 
284.6 eV. 

The high resolution XPS spectra (0-35 eV) of the 
valence band region of (a) single crystal diamond, (b) 
diamond film, (c) glassy carbon, (d) pyrolytic graphite, 
(e) mineral graphite, and (f) HDLC are shown in Fig. 5 
[32]. The corresponding XPS spectrum of the hydro- 
genated carbon film sample is shown in Fig. 6. The 
film had a broad peak at 16 eV which matched the peak 
energy of HDLC rather than that of the other forms of 
carbon which were observed at higher binding energies. 
An 02^ peak was also observed at 23 eV as shown in 
Fig. 6. 

The high resolution XPS spectra (280-340 c V) of the 
CI j energy loss region of (a) single crystal diamond, (b) 
diamond film, (c) glassy carbon, (d) pyrolytic graphite, 
(e) mineral graphite, and (0 HDLC are shown in Fig. 7 
[32). The corresponding XPS spectrum of the hydro- 
genated carbon film sample is shown in Fig. 8. Single 
crystal diamond, diamond film, and HDLC have an en- 
ergy loss feature which begins at about 290 eV which is 
at a higher energy than that of the other possible forms 
of carbon as shown in Fig. 7. The closest match to the 
shape of the energy loss feature of the carbon film is 
HDLC to which the film was assigned. 

The 0-100 eV binding energy region of high resolu- 
tion XPS spectra of a cleaned commercial silicon wafer 
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Figure 2 ToF-SIMS characterization of tlic substrate and carbon film, (a) The positive ton ToF-SIMS spectrum (m/e = 0-200) of a noncoatcd cleaned 
commercial silicon wafer. (b)Thc negative ion ToF-SIMS spectrum (m/e ~ 0-200) of a noncoatcd cleaned commercial silicon wafer, (c) The positive 
ion ToF-SIMS spectrum (m/e = 0-200) of a cleaned commercial silicon wafer coated with a hydrogenated carbon film that showed a large H + peak 
and hydrocarbon fragments CjHj given in Tabic I. (d) The negative ion ToF-SIMS spectrum (m/e « 0-200) of a cleaned commercial silicon wafer 
coated with a hydrogcnaicd carbon film that was dominated by hydride ion (H~) and carbon ion (C~), Very little oxide (0~) or hydroxide (OH") 
was observed. 

the glassy carbon and the untreated silicon wafer con- 
trols, a novel peak was observed at 49 eV in the XPS 
spectrum of the H*DLC film. This peak does not corre- 
spond to any of the primary elements carbon or oxygen 
shown in the survey scan in Fig. 4, wherein the peaks of 
these elements are given by Wagner et al [33]. Hydro- 
gen is the only element which does not have primary 
element peaks; thus, it is the only candidate to produce 
the novel peak and correspond to the surface H content 
of the H*DLC coatings. This peak closely matched and 
was assigned to a hydride given previously [29, 34-36]. 



3.3. Raman 

The photomicrograph and the carbon Raman spectrum 
of the corresponding region of the H'DLC film are 
shown in Figs 1 1 and 12, respectively. The peak posi- 
tions, full-widtli-half-maximum (FWHM), and peak ar- 
eas were calculated by Gaussian curve fitting the base- 
line corrected spectrum. A broad band with a shoul- 
der was observed at 1352.0 cm" 1 , with a FWHM 
of 183 cm" 1 , and a sharper feature was observed at 
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Figure 3 The XPS survey scan of a cleaned commercial silicon wafer. 
Only silicon, oxygen, and trace carbon contamination were observed. 

before and after being coated with a H*DLC film are 
shown in Figs 9 and 10 respectively. For comparison, a 
glassy carbon control spectrum is also shown in Fig. 1 0. 
The O 2s peak was observed in each case. In contrast to 
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Figure 4 The XPS survey scan of a cleaned commercial silicon wafer 
coated by reaction of a helium -hydrogen plasma with solid glassy carbon 
as the source of C. Only carbon and trace silicon and oxygen contami- 
nation were observed. 
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Figure 6 High resolution XPS spectrum (0-35 cV) of the valence band 
region of a cleaned commercial silicon wafer coaled with a hydrogen atcd 
carbon film that showed features that matched HDLC An O Zt peak was 
also observed at 23 eV, 
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Figure 5 High resolution XPS spectra (0-35 cV) of the valence band 
region of (a) single crystal diamond* (b) diamond film, (c) glassy carbon, 
(d) pyrolytic graphite, (c) mineral graphite, and (0 HDLC. 
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Figure 7 High resolution XPS spectra (28O-340 cV) of the C I J energy 
loss region of (a) single crystal diamond, (b) diamond film, (c) glassy 
carbon, (d) pyrolytic graphite, (e) mineral graphite, and (0 HDLC. 



1607.8 cm" 1 with a FWHM of 92 cm" 1 . The position, 
peak shapes and separations matched that of HDLC 
[12], Bands at 520 and 950 cm -1 are the first and sec- 
ond order phonons of Si. The band at 2920 cm" 1 was 
assigned to an overtone of the G-band. The Raman spec- 
trum confirmed the XPS results that the carbon film 
comprised H*DLC. Raman spectroscopy was also per- 
formed on the film from the quartz reactor wall. The 
results were similar to those of the H*DLC film on the 
silicon substrates. 



3.4. Visible spectrum and line broadening 
The Doppler-broadencd line shape for atomic hydro- 
gen has been studied on many sources such as hol- 
low cathode [37, 38] and [39, 40] RF discharges. The 
energetic hydrogen atom densities and energies were 
calculated [26] from the intensities and widths of the 
656.3 nm Balmer a line emitted from microwave dis- 
charge plasmas of H2 compared with each of XC-H2 
(90/10%) and He-H 2 (90/10%) as shown in Figs 13 
and 14, respectively. The average He-H2 Doppler 
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FtfHnr # High resolution XPS specirum (280-340 cV) of ihc CIs en- 
ergy loss region of a cleaned commercial silicon wafer coaled with a 
hydrogcnaicd carbon film thai showed features that matched HDLC. 
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f (jfrnvr 9 The 0- 1 00 cV binding energy region of a high resolution XPS 
spectrum of a cleaned commercial silicon wafer showing only a 02 j 
peak in the low binding energy region. 
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Figuiv JO The overlay of ihc 0-100 cV binding energy region of a high 
resolution XPS spectrum of glassy carbon (dotted line) and a cleaned 
commercial silicon wafer coated with a H'DLC film (solid line). A novel 
peak observed at 49 eV which could not be assigned to the elements 
identified by their primary XPS peaks was assigned to novel hydride 
CH\ The novel highly stable hydride formed by (he catalytic reaction 
of He + and atomic hydrogen may be the basis of the novel method of 
formation of the H'DI*C film. 
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F/jpwt /7 The photomicrograph of a H*DLC film on a silicon wafer 
that was analyzed by Raman spectroscopy. 



half-width was not appreciably changed with pressure. 
The corresponding energy of 1 80-2 10 eV and the num- 
ber density of 5 x 10' 1 rfc 20% atoms/mm 3 , depending 
on the pressure, were significant compared to only 2- 
3 eV and 7 x 10 ,0 ±20% atoms/mm 3 for pure hydro- 
gen, even though 10 times more hydrogen was present. 
Xe did not serve as a catalyst, and the plasma was much 
less energetic. Xe-tfe showed no excessive broadening 
corresponding to an average hydrogen atom temper- 
ature of 2-3 eV, and the atom density was also low, 
3 x 10 I0 ±20% atom/mm 3 . Only the hydrogen lines 
were broadened. For example, the 667.816 nm He I 
line width was also recorded with the high resolution 
(±0.006 nm) visible spectrometer on He-H 2 (90/10%) 
and He microwave discharge plasmas as shown in 
Fig. 15. No broadening was observed in either case. 

We have assumed that Doppler broadening due to 
thermal motion was the dominant source to the extent 
that other sources may be neglected. This assumption 
was confirmed when each source was considered. In 
general, the experimental profile is a convolution of 
a Doppler profile, an instrumental profile, the natural 
(lifetime) profile, Stark profiles, van der Waals pro- 
files, a resonance profile, and fine structure. The elec- 
tron density of the helium-hydrogen plasma recorded 
with a compensated Langmuir probe was about /? c 
MO 5 mm" 3 . This density was six to seven orders of 
magnitude too low for detectable Stark broadening, and 
the contribution from each remaining source was deter- 
mined to be below the limit of detection [26]. 



4. Discussion 

Silicon substrates were coated by the reaction prod- 
uct of a low power, low pressure He (90-70%)/H 2 
(10-30%) microwave discharge plasma with glassy or 
graphitic carbon as the source of C. The ToF-SIMS 
identified the coatings as hydride by the large H + peak 
in the positive spectrum and the dominant H~ in the 
negative spectrum. The XPS matched hydrogenated 
diamond-like carbon, and the H'DLC films was con- 
firmed by features of the Raman peaks at 1352.0 and 
1607.8 cm" 1 . XPS further identified the surface H 
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Figure 12 The Raman spectrum recorded on the region shown in Fig. 11. A broad band wiih a shoulder was observed at 1352.0 cm -1 , with a FWHM 
of 183 cm" 1 , and a sharper feature was observed ai 1 607.8 enr 1 with a FWHM of 92 enr 1 . The position, peak shapes and separations matched ilial 
of DLC. 
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Figure 13 The 656.3 nm Balmer a line width recorded with a high reso- 
lution (±0.006 nm) visible spectrometer on a xenon -hydrogen (90/10%) 
and a hydrogen microwave discharge plasma. No excessive line broad- 
ening was observed corresponding to an average hydrogen atom temper- 
ature of 3-4 cV. 
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Figure J 4 The 656.3 nm Balmer or line width recorded with a high reso- 
lution (±0.006 nm) visible spectrometer on a helium-hydrogen (90710%) 
and a hydrogen microwave discharge plasma. Significant broadening 
was observed corresponding to an average hydrogen atom temperature 
of 180-2 JO cV. 



content of the H'DLC coatings as a novel hydride CH* 
corresponding to a peak predicted at 49 eV [29, 34-36], 
The novel hydride is proposed to form by the catalytic 
reaction of He" 1 * with atomic hydrogen and subsequent 
autocatalytic reactions [27] to form highly stable carbon 
hydride products, H*DLC, comprising CH*,.Thc novel 
highly stable hydride formed by the catalytic reaction 
of He'*" and atomic hydrogen and the energetic plasma 
itself having fast H may be the basis of a novel method 
of formation of the H'DLC film from solid carbon. We 
consider four possible mechanisms based on the unique 
conditions provided by the catalytic reaction. 

It was observed that microwave He-H2 plasmas 
showed extraordinary broadening corresponding to an 
average hydrogen atom temperature of 180-210 eV 
compared to ^ 3 eV for plasmas of pure H2 and Xe- 
H2. The noble gas-hydrogen plasma that was ener- 



getic (He-H 2 plasma) formed DLC films when a solid 
carbon source, was present. The mechanism may be 
based on energetic hydrogen formed in the plasma re- 
action. Diamond and DLC are metastable materials; 
thus, continuous bombardment of the surface with en- 
ergetic species that produce thermal and pressure spikes 
at the growth surface is required for deposition of di- 
amond, DLC, and related films [41). By quenching a 
beam of C* ions accelerated in an ultrahigh vacuum 
to a negatively biased substrate, Aisenberg and Chabot 
[13] were able to deposit DLC films for the first time. 
Rather than resulting in commercially useful processes, 
subsequently developed beam -type and sputtering pro- 
duction methods are essentially used for research. Ex- 
emplary methods discussed by Grill and Mcyerson [42] 
are single low-energy beams of carbon ions, dual ion 
beams of carbon and argon, ion plating, RF sputtering or 
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Figure IS The 667.8 16 nm He I line widih recorded wiih a high reso- 
lution (±0.006 nm) visible spectrometer on helium-hydrogen (90/10%) 
(solid curve) and helium (dotted curve) microwave discharge plasmas* 
No broadening was observed in either case. 



ion-beam sputtering from carbon/graphite targets, 
vacuum-arc discharges, and laser ablation. Using sput- 
ter deposition, amorphous DLC coatings can be pre- 
pared at low temperature due to energetic ion bom- 
bardment during the deposition of carbon. The absence 
of ion bombardment during carbon deposition leads 
to soft, conductive carbon films with no diamond-like 
properties. It has been shown that films with diamond- 
like properties are produced at ion energies of about 
100 eV [9, 10]- Bombardment of the depositing carbon 
film by energetic H that produce a "thermal spike" has 
recently been confirmed [43] as the primary mechanism 
for the formation of diamond wherein the fast H was 
formed by charge acceleration in a high field, Here, an 
H atom-energy transfer to carbon atoms of a few 100 
eV was found to be optimal for the transition of car- 
bon films to diamond (s/? 3 -bondcd carbon). Thus, the 
energetic species such as fast H formed in the helium- 
hydrogen microwave plasma may be the basis of the 
formation of the H*DLC film from solid carbon. In re- 
cent work [44) using hydrocarbon sources of carbon, 
this catalytic plasma reaction has shown the possibil- 
ity for a significant advancement in the production of 
polycrystalline diamond as well. 

The presence of hydrogen is an essential condition 
for the formation of DLC in many systems [12] by 
the stabilization of sp* carbon. The helium-hydrogen 
plasmas also form novel hydrides which may stabilize 
sp* carbon. Thus, a novel H intermediate formed by the 
plasma catalysis reaction may serve the stabilization 
role of H used in past systems. 

The presence of novel hydride ions on the surface ob- 
served by XPS has implications that the mechanism of 
diamond- like carbon formation involves one or both of 
selective etching of graphitic carbon and the activation 
of surface carbon by the hydrogen catalysis product. 
Although the mechanism of diamond growth on a seed 
of diamond is still somewhat of a mystery, it is believed 
to be based on the extraction of H of a CH terminal bond 
to form a dangling carbon center to which CH3 reacts. 
A carbon-carbon bond forms between adjacent methyl 
groups, and the hydrogen is gradually extracted, prob- 
ably by H forming H2. The further preferential degra- 



dation of graphitic carbon over diamond carbon by hy- 
drogen permits diamond growth [45], Thus, a novel H 
intermediate formed by the plasma catalysis reaction 
may serve the extraction role of H used in past systems 
that form diamond (sp 3 carbon). 

Alternatively, the binding of novel II to graphitic 
carbon may cause a conversion to the diamond form. 
Novel EUV emission lines from microwave and glow 
discharges of helium with 2% hydrogen with energies 
off/13.6 eV where q = 1,2, 3, 4, 6, 7, 8, 9, II, 12 or 
these lines inelastically scattered by helium atoms in the 
excitation of He (Is 2 ) to He(Ij , 2/;') were identified 
as novel H (U 2 ) intermediates [27, 28]. And, novel hy- 
dride compounds MH* and MHJ wherein M is the alkali 
or alkaline earth metal and IP comprising a novel high 
binding energy hydride ions were identified previously 
[29, 34-36, 46] by a large distinct upfield resonance 
that showed that the hydride ion was different from the 
hydride ion of the corresponding known compound of 
the same composition [46]. The shift matched theoret- 
ical predictions [36], Pronounced effects of dopants on 
the structure and properties of crystalline materials are 
well known [47, 48J. In the case of carbon, the binding 
of the novel H may thermodynamically favor sp* car- 
bon over the graphitic form which could be the basis 
of a mechanism for the formation of DLC under our 
unique conditions. 



5. Conclusion 

Using a catalytic plasma reaction, it has been shown that 
solid carbon can be converted to H*DLC on silicon sub- 
strates using low power, mild conditions. The presence 
of novel hydride ions on the surface observed by XPS 
has implications that the mechanism of H*DLC forma- 
tion involves one or more of stabilization of $p* carbon, 
selective etching of graphitic carbon, and the activation 
of surface carbon by the hydrogen catalysis product. 
Alternatively, H*DLC may form by the bombardment 
of C VD carbon by energetic hydrogen atoms formed in 
the catalytic plasma. Energetic species such as fast H 
formed in the helium-hydrogen microwave plasma that 
showed extraordinary Balmer a line broadening corre- 
sponding to an average hydrogen atom temperature of 
180-210 eV may be the basis of the formation of the 
H*DLC film from solid carbon. 
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